Inductively coupled plasma mass spectrometry (ICP-MS) was used to measure the levels of trace heavy metals in human urine and sweat, to compare the performance of ICP-MS using three sample processing methods, namely direct dilution, wet digestion, and microwave digestion. The results showed that the wet digestion ICP-MS method has the highest accuracy (relative standard deviation ≤10%) and is more useful for measuring the levels of trace heavy metals in urine and sweat. Hence, we used this method to compare the levels of the five trace heavy metals, namely chromium, copper, zinc, cadmium, and lead, in the urine and sweat of adults after strenuous exercise. The results showed that the levels of these five trace heavy metals in sweat were significantly higher than those in urine after strenuous exercise (The differences between the measurements in urine and those in sweat were significant P ≤ 0.01). The results suggested that exercise-induced sweating can effectively remove the harmful heavy metals from the human body.
Introduction
Physical exercise can enhance blood circulation and metabolic rate [1] . The secondary metabolites and harmful waste products produced by the body during exercise are excreted through sweat and urine [2] [3] . Urination is crucial for the regulation of the body's fluid and electrolyte balance, as well as for the removal of metabolic wastes from the body [4] . Perspiration can dissipate body heat via evaporation and remove a large amount of harmful substances from the body in the form of inorganic salts [5] [6] . Harmful heavy metals can also be excreted from the human body through these pathways.
Heavy metals are biologically unavailable and are non-degradable elements that can destroy protein and enzyme activities after ingestion into the body, in which excessive accumulation of heavy metals can lead to chronic poisoning [7] . Chromium is widely used in various industries such as metallurgy, electroplating, and leather tanning. Trivalent chromium (Cr 3+ ) and hexavalent chromium (Cr 6+ ) are the most common forms of Cr to which humans are exposed, with hexavalent Cr having the highest level of toxicity. Additionally, Cr and its compounds can enter the human body via direct contact and ingestion and can cause great harm to the respiratory and digestive systems [8] [9] . Copper is an important non-ferrous metal applied in construction, manufacturing, electrical, and military industries. Excessive intake of Cu in the body can easily lead to Menke's and Wilson's disease [10] [11]. Zinc is not only an important metal in chemical, electroplating, and alloy industries but also an essential element for human health, and both excessive Zn intake and Zn deficiency can damage human health [12] . Cadmium is widely applied in the semiconductor and nuclear industries. However, Cd is also widely recognized as a heavy metal environmental pollutant and a highly carcinogenic substance, which can damage and disease the respiratory, reproductive, immune, and blood circulatory systems of the human body [13] [14] . Lead is one of the earliest metals used by humans and is currently widely applied in batteries, paints, and radiation protection. However, Pb is also recognized as a highly carcinogenic heavy metal that causes great damage to the heart, kidney, blood, nervous system, and digestive system [15] [16] . Some of these five heavy metals are essential trace elements found in the human body (e.g., Cr 3+ , Cu, and Zn), whereas others are non-essential elements (e.g., Cr 6+ , Cd, and Pb). However, excessive accumulation of these heavy metals in the body can adversely affect human health. Therefore, excessive amounts of these five heavy metals in the human body need to be removed through normal mechanisms of metabolism to maintain the balance of trace elements.
In this study, we investigated the effects of perspiration and urination on the balance of heavy metals in the human body by comparing the levels of the five trace heavy metals, namely Cr, Cu, Zn, Cd, and Pb, in the sweat and urine excreted from the body after physical exercise.
Materials and Methods

Selection of Test Participants
The test subjects were healthy, adult males selected from among sophomore undergraduates enrolled in Guizhou University. All test participants volunteered for the study after being clearly informed of the experimental content and purposes. Before the experiments, the test participants were determined to be enrolled students at the North Campus of Guizhou University, who lived on campus, had similar diets, and were not consumers of alcohol or tobacco, nor of vitamin or mineral supplements. The study was performed in full accordance with the ethical and safety standards for human physiological experiments [17] .
Sample Collection
The experiment was conducted in a climate-controlled indoor stadium. Prior to initiating physical exercise, the participants were directed to urinate and to cleanse their upper bodies with ultrapure water (Thermo Barnstead GenPure xCAD Ultrapure Water System). Then, the participants engaged in a strenuous badminton session, with their upper bodies exposed to the elements for 2 hours, rehydrating with demineralized pure water during the exercise session. The polyethylene sample bottles were treated by immersion in 30% (v/v) HNO 3 for more than 48 hours and repeatedly washed with ultrapure water six times, followed by natural air-drying prior to use. These bottles were used to collect more than 20 mL of sweat from each participant by scraping. After the exercise session, urine samples of more than 20 mL each were collected from each participant. All the samples collected were allowed to stand for 30 minutes and then filtered using a 9-mm filter paper. Then, 10 mL of each sample was transferred into a test tube. The samples were stored at 4˚C until testing.
Sample Preparation and Elemental Analysis
Both sweat and urine are biological fluids containing urea, creatinine, uric acid, and other organic substances, as well as inorganic salts such as sodium, potassium, and chloride, in addition to water [2] . Hence, sample processing is needed to reduce interference by impurities during the elemental analysis. Currently, three types of sample processing methods are used for biological samples, namely direct dilution [18] , wet digestion [19] , and microwave digestion [20] . In direct dilution, 1 mL of sweat sample was diluted with 5% HNO 3 to 50 mL. In wet digestion, 3 mL of HNO 3 and 1 mL of HClO 4 were added to 5 mL of sweat sample, followed by slow heating to 200˚C using a LabTech DB-1A electrical hotplate. The heating was terminated when a large amount of white smoke was produced, with a residual amount of solution of 0.5 mL or more. After cooling down, the remaining solution was added with 0.75 mL HNO 3 and diluted with ultrapure water to 50 mL. In microwave digestion, 1.25 mL of sweat and 4.5 mL of 65% HNO 3 were added into a digestion tube, followed by digestion using the CEM MARS6 PyNN130279 Microwave Digestion System according to the setup parameters ( Table 1) . After completion of the digestion, the samples were cooled down and diluted with ultrapure water to 50 mL. This experiment was aimed at comparing the accuracy of these three sample processing methods for sweat and urine samples for the best sample processing results.
The elemental analysis was performed using inductively coupled plasma mass spectrometry (ICP-MS) [18] - [21] . The mixed standard solution consisted of five heavy metals (Cr, Cu, Zn, Cd, and Pb) provided by the National Center of Analysis and Testing for Nonferrous Metals and Electronic Materials. The solution was diluted with dilute nitric acid solution (5% HNO 3 ) into four concentration gradients of 0.00, 1.00, 10.00, and 100.00 μg/L. The solutions were then subjected to analysis using the Thermo X Series 2 ICP-MS with the following instrument parameters: carrier gas flow rate, 0.80 L/min; auxiliary gas flow rate, 0.75 L/min; cooling air flow rate, 13 L/min; and radiofrequency power, 13 kW. Each sample was analyzed three times.
Results
Accuracy
The urine and sweat samples processed using the different methods were analyzed with ICP-MS in parallel to calculate the accuracy of each sample processing method while using the ultrapure water as a blank. Table 2 shows the accuracy of each sample processing method for the sweat and urine samples, excluding invalid data with ≥90% errors. A higher relative standard deviation value indicates a lower sample concentration with weaker line intensity. In addition, the instrument performance and analytic conditions can also affect the actual accuracy of the measurement [22] . In the direct dilution method, Cr was detected in sweat with an accuracy of ≤10%, while the other measurements had poor results (≥10%). Pb was detected in urine with an accuracy of ≥10%, while other measurements had better results (≤10%). In the microwave digestion method, only a few elements were detected with a higher accuracy (Pb in sweat; Zn and Pb in urine), while the results of other measurements were not satisfactory (≥10%). Wet digestion is an ideal sample processing method with an accuracy of ≤10% for all measurement results. The precision is the relative standard deviation (RSD), RSD = S/ x ×100%, S is the standard deviation, x is the average.
Comparison of the Levels of the Five Heavy Metals in Sweat and Urine
The wet digestion method with an accuracy of ≤10% was selected to compare the levels of these five heavy metals in sweat and urine excreted by the human body after physical exercise ( Table 2 ). The SPSS 19 software was used for the statistical analysis. After a 2-hour strenuous badminton session, all five trace heavy metals (Cr, Cu, Zn, Cd, and Pb) were detected in the urine and sweat samples from the healthy male adults using ICP-MS, after being processed by the wet digestion method ( Table 3) . The results showed that the differences in the levels of these five heavy metals in human urine and sweat were statistically significant. After physical exercise, the levels of Cr, Cu, Zn, Cd, and Pb in sweat were significantly higher than those in urine (P ≤ 0.01).
Discussion
Knowledge about the accumulation and excretion mechanisms of toxic elements in the human body is still limited. The conventional method of toxic element analysis for the human body is primarily analysis via detection of toxic elements by sampling blood and urine. Recent studies have shown that although human blood and urine do not completely reflect the cumulative capacity and ability of the body to remove the toxic elements, sweat may be a better test sample for monitoring the accumulation and removal of toxic elements in the body [2] . However, the number of studies that have analyzed the trace heavy metals in the body through sweat analysis is still limited. Moreover, a widely accepted sample collection and detection method for sweat, which impedes the promotion of sweat as a test sample in the monitoring of human health, is lacking. In this study, we selected the most commonly applied ICP-MS method after referring to recent studies on detection methods for trace elements in other biological samples (such as blood and urine) [18] [20] [23] . ICP-MS has several advantages such as small degree of interference, high accuracy, high detection speed, and good detection limits and linear dynamic range. In addition, ICP-MS can simultaneously perform multi-element analysis, detection, and quantitative measurement of isotopes [18] [20] . The comparison between these three sample processing methods (Table  2) indicates that the wet digestion ICP-MS method is more suitable for measuring trace elements in human sweat.
In this study, the detection results of trace heavy metals in human urine and sweat are similar to those from previous studies [3] [19] . The levels of these five trace heavy metals (Cr, Cu, Zn, Cd, and Pb) excreted in sweat were significantly higher than those excreted in urine after the strenuous exercise ( Table 3) . These trace heavy metals accumulated in the human body can be eliminated through perspiration and urination to maintain the balance of trace elements in the body and prevent excessive accumulation of heavy metals, which are hazardous to human health. Meanwhile, the accumulated heavy metals cannot be utilized or degraded by the human body and can only be excreted via limited mechanisms. Hence, the loss of balance between intake and removal will cause the accumulation of heavy metals in the body, which destroys homeostasis and results in the dysfunction of bodily systems [7] . The human body has two major sources of heavy metal intake. The first source is the mother, during infancy, and the second source is daily exposure. Daily exposure is the main source of heavy metals in the body for most people. The participants in this study were not living in areas of heavy industrial production but in areas rich in mineral resources (e.g., coal resources). In recent years, improper mining has caused environmental damage, in which Cd, Pb, Cu, Zn, and Cr are the representatives of heavy metals polluting the environment [24] [25] . Therefore, heavy metals entering the human body via contact and ingestion have to be eliminated via the body's own mechanisms to maintain good health. Current studies have indicated that physical exercise can enhance the removal of trace elements from the human body; however, these studies mainly involved the essential trace elements, and the studies on heavy metals are rare and majorly focused on Cu and Zn (heavy metals that are beneficial to the human body) [26] [27] . In this study, we drew the conclusions from previous studies to further investigate the ability of sweat and urine to excrete heavy metals from the human body during physical exercise. The test results (Table 3) indicated that sweat has a higher capacity than urine in removing these five heavy metals (Cr, Cu, Zn, Cd, and Pb) from the human body after strenuous exercise. The results not only showed that physical exercise has a significant effect on the balance of trace elements but also indicated that perspiration during physical exercise can effectively remove the toxic heavy metals from the body and reduce the accumulation of trace heavy metals in the body. According to the conclusion drawn from this study, we suggest that people living in these areas may have ingested the trace heavy metals from their polluted environment; thus, they should actively participate in physical exercise to enhance the detoxification capability of their bodies and reduce the damages caused to their bodies by heavy metals. However, our study has certain shortcomings due to the small sampling size and geospatial limitations. Hence, a further in-depth study is needed to elaborate the principle and efficacy of physical exercise in removing the harmful heavy metals from the human body.
